lized is oxidized to acetyl phosphate, hydrogen, and carbon dioxide; the rest is converted to acetoin. These extracts fix considerable amounts of N2" when pyruvate is supplied as substrate, but will not fix with formate or mannitol. Centrifugationstudies, and the absence of fixation with mannitol, show that this fixation is not caused by residual whole cells or spheroplasts. Cell-free fixation by B. polymyxa is similar to that by Clostridium pasteurianum. A short time lag in fixation occurs, and an optimal concentration of pyruvate is needed for maximal fixation. Arsenate causes a strong inhibition of fixation, presumably because arsenolysis of acetyl phosphate makes high-energy phosphate unavailable for the fixation process.
Attempts to obtain cell-free preparations of Bacillus polymyxa strain Hino capable of fixing N2 by extraction of dried cells (Carnahan et al., 1960) were unsuccessful, apparently because the hydrogenase in this organism is particulate and little is present in the extract (Grau, 1961) . Preparations from breakage in a Raytheon 20-kc sonic oscillator had an active hydrogenase; the nitrogenase was inactive, possibly because of oxidation. As will be described in this report, breakage of osmotically fragile spheroplasts ob-'Present address: CSIRO, Division of Food Preservation, Cannon Hill Laboratory, Brisbane, Australia.
tained by treatment of the washed cells with lysozyme has resulted in preparations that contain both an active hydrogenase and nitrogenase.
MIATERIALS AND METHODS The general methods for growing the cells and assaying for hydrogenase and nitrogenase have been previously described (Grau and Wilson, 1962) . Cell lysis was brought about by treating washed cells in 0.067 or 0.1 M phosphate buffer (pH 6.5) with lysozyme (Nutritional Biochemicals Corp., Cleveland, Ohio) at a concentration of 1 mg of lysozyme/10 mg of cell N, and with approximately 1 mg of deoxyribonuclease/120 mg of cell N (Mann Research Laboratory, Inc.; 10,000 dornase units/mg).
Sodium chloride (0.01 M) was added to stimulate lysozyme activity (McQuillen, 1960) , and magnesium sulfate (0.01 M) was added to keep the disintegration of the cytoplasmic membrane to a minimum (Weibull, 1956) . Lysis was carried out at 30 C for 60 min in a Thunberg tube, which had been flushed five times with helium or hydrogen and, finally, filled with gas. The lysate was then chilled and centrifuged, usually at 7,000 X g for 10 min, in a Servall Superspeed SS-1 centrifuge. Sedimentation studies were made in a refrigerated Spinco centrifuge (Model L).
In studies on hydrogen evolution and N2l5 fiXation, the activities were first followed with uncentrifuged extracts made from cells lysed in double-armed Warburg flasks.
RESULTS AND DISCUSSION That lysozyme readily attacks the cell wall of B. polymyxa is shown by a rapid decrease in the turbidity of washed cells in 0.1 M phosphate buffer (pH 6.5), and by the relative scarcity of whole cells when observed by phase-contrast microscopy. Figure 1 shows Lysed cells 0 * All flasks contained 0.03 ml of 1 M MgSO4 + 1 M NaCl in the center compartment and 0.2 ml of alkaline pyrogallol in the center well. To prepare the spheroplasts and lysed cells, lysozyme and deoxyribonuclease (0.1 ml in 0.2 M phosphate) were also present. The final phosphate concentration for the spheroplasts and the washed cells was 0.2 M; for the lysed cells, 0.067 M. After gassing with helium, 0.5 ml of washed cells was tipped into the center compartment, and the flasks were shaken at 30 C for 60 min. The substrate (0.5 ml in 0.2 M phosphate) was added, and gas evolution was measured. The rates among the various substrates cannot be directly compared, since different cell preparations were used.
ation and flushing procedure used in setting up Warburg experiments, and shaking at 30 C for at least 1.5 hr. In the range from 0.3 to 0.5 M phosphate, progressively less lysis occurred. The cells, although osmotically fragile and slightly swollen, were still rod-shaped. Hydrogen evolution. The first experiments carried out with cells lysed by lysozyme treatment were comparisons of hydrogen evolution by washed cells, spheroplasts, and lysates. Microscopic examination of washed cells in 0.2 M phosphate treated with lysozyme showed that some of the spheroplasts had broken, and the decrease in turbidity shown in Fig. 1 fixation by a cell-free extract. Washed cells of Bacillus polymyxa were lysed in 0.1 M phosphate buffer (pH 6.5). After centrifugation at 10,000 X g for 15 min, 2 ml of the extract were incubated with the given amount of sodium pyruvate dissolved in 0.3 ml of 0.2 M phosphate buffer (pH 6.5) under a pressure of 0.15 atm N21'5 (83.4 atom % N15) and 0.75 atm helium. The N'5 atom % excess was determined on the trichloroacetic acid-soluble material after incubation at 30 C for 60 min. they were not numerous enough to contribute significantly to this hydrogen evolution, since the lysate did not form hydrogen from mannitol. The large increase in hydrogen evolution from reduced methyl viologen by lysed cells, compared with intact cells, may mean that the permeability of the cell to reduced methyl viologen is rate-limiting, or that fragmentation of the membrane causes more sites of the membrane-bound hydrogenase to become available. Hydrogen evolution by extracts which had been centrifuged for 7,000 X g for 15 min after lysis was measured also. The specific activities (,uliters of H2 per mg of protein N) on various substrates were: reduced methyl viologen, 62,000; formate, 2,000; pyruvate, 850; mannitol, 0. These data suggest that the lysozyme treatment might yield a satisfactory preparation for fixation of N2, since there appears to be little damage to the enzyme systems concerned with evolution of H2 from pyruvate, and an active hydrogenase remains in the supernatant fluid.
The metabolism of pyruvate by these cell-free preparations results in about 65% of the substrate being oxidized to acetyl phosphate, H2, and C02, with the remainder appearing as acetoin. Heating the extract for 5 min at 60 C completely * Lysed cells were centrifuged at 5,000 X g for 15 min to remove whole cells and spheroplasts. This extract was then spun at 105,000 X g for 60 min. The sediment was resuspended in one-half volume of 0.1 M phosphate buffer (pH 6.5). N'5 level was measured on the total nitrogen for flasks with sediment alone, and on the trichloroacetic acid-soluble material for the others. abolished evolution of H2 from pyruvate, and destroyed 90% of the activity on formate and 70 to 80% of that on reduced methyl viologen. Evidentally, the hydrogenase in extracts of B. polymyxa is more heat-sensitive than that from other organisms (Sadana and Jagannathan, 1956; Shug, Hamilton, and Wilson, 1956; Peck and Gest, 1957) . Centrifugation at 20,000 X g for 30 min sedimented about one-third of the hydrogenase activity; centrifugation at 105,000 X g for 60 min removed 86%. The specific activity in the sediment, measured with reduced methyl viologen, was 162,000 as compared with 14,000 in the supernatant fraction.
Cell-free N215fixation. The first experiments on nitrogen fixation were made by lysing the washed organisms in a Warburg flask without centifugation, since this technique involved the least manipulation. No fixation without addition of pyruvate was observed; the level increased with increasing amounts of pyruvate until a maximum was reached, then declined with further additions. The response to pyruvate closely resembles that for cell-free preparations of Clostridium pasteurianum (Carnahan et al., 1960) . Figure 2 shows the effect of pyruvate on nitrogen fixation by extracts in which whole cells had been removed by centrifugation at 10,000 X g for 15 min. The precise value for optimal pyruvate concentration * Each flask contained 2.0 ml of cell-free extract in 0.1 M phosphate buffer (pH 6.5) and 0.1 ml of alkaline pyrogallol in the center well to absorb traces of oxygen. The substrate was dissolved in 0.3 ml of 1 M phosphate or arsenate (pH 6.5).
After 60 min of incubation at 30 C, the N'5 level was measured in the trichloroacetic acid-soluble fraction.
time lag before significant fixation occurred (Table 3) , and the fixation was markedly inhibited by arsenate (Table 4 ). The lag may be caused by: (i) the time taken for significant amounts of nitrogen to be reduced via any intermediates to ammonia, (ii) the time needed for activation (reduction?) of a site on the nitrogenase complex, or (iii) the time needed for the production of sufficient amounts of high-energy phosphate. The data of Carnahan et al. (1960) demonstrate that quite large amounts of pyruvate are oxidized to acetyl phosphate before detectable fixation begins, and the maximal rate of fixation seems to correspond with the maximal concentration of acetyl phosphate. The inhibition of fixation caused by arsenate, implicating the need of high-energy phosphate, may mean that lack of an adequate concentration of acetyl phosphate plays some role in the lag period. However, Carnahan et al. (1960) found that added lithium acetyl phosphate and adenosine triphosphate inhibited fixation.
